Leachate is currently being pumped from three surface impoundments filled with waste material from the production of viscose rayon at the former Avtex Fibers plant. The primary objective of this study was to optimize a two-stage biological treatment process that has the potential to effectively treat a wastewater stream containing high levels of reduced sulfur compounds while also removing organic contaminants. Future remediation activities at the Avtex Fibers Superfund Site warrant the improved performance of the onsite system to more stably treat the leachate for future direct discharge to a surface water receiving stream. A two-stage treatment system used to treat the leachate was comprised of a moving bed biofilm reactor as the first stage for sulfide oxidation with a sequencing batch reactor (SBR) and membrane bioreactor (MBR) operating in parallel as the second stage for COD removal. A moving bed biofilm reactor (MBBR) was chosen for the first stage based on results from an earlier study which was a comparison of different biological processes to treat the leachate. The previous study showed that the MBBR, which is a hybrid attached growth system, was more stable under variable loading rates and conditions and was used in this study to treat the reduced sulfur compounds in the influent. Liquid phase characteristics and gas phase emissions were measured to evaluate mass balance of sulfide and COD in the system. Under steady state conditions sulfide was found to be nearly completely oxidized with less that 0.3% of the influent sulfide remaining in the MBBR effluent and less than 0.1% in the gas phase. The MBR removed COD at 85%, somewhat more effectively than the SBR at 73%. This was likely due to high effluent suspended solids from the SBR as compared to the MBR. Problems associated with high pH and poor biomass flocculation in the SBR may have contributed to the lower COD removal observed. The current BOD 5 discharge permit of 30 mg/L was met by the MBR, but the high TSS in the SBR effluent resulted in elevated BOD measurements. Work is continuing with an intermediate pH adjustment step between the two phases of biological treatment.
INTRODUCTION
This project was conducted in support of leachate treatment at a former viscose rayon manufacturing facility located in Front Royal Virginia along the South Fork of the Shenandoah River. Viscose rayon was produced at this facility from 1940 to 1989 (Groves and Settle, 2002 . The manufacturing plant was owned by American Viscose which sold it to FMC Corporation in 1963. The plant was bought by Avtex Fibers Corporation in 1976. The facility was declared a Superfund site in 1986, and plant operations were terminated in 1989 (Groves and Settle, 2002) . Since the late 1990s, the site closure and redevelopment has been an ongoing joint effort between the U.S. Environmental Protection Agency (EPA), Front Royal/Warren County Economic Development Authority, US Army Corps of Engineers, Town of Front Royal, and FMC Corporation.
A well-mixed, flow-through biological process was installed approximately 5 years ago following a large equalization basin to treat a relatively low flow rate (5-50 gpm) of leachate that is derived from several open surface impoundments containing the liquid/slurry waste material produced by the viscose process itself. The leachate is formed as a result of precipitation and runoff input to the surface impoundments and is pumped from the surface of the impoundments at a rate that depends primarily on weather patterns. This leachate is contaminated with high levels of sulfide (HS - ) and carbonaceous organic contaminants (BOD), presumed to be primarily soluble cellulose, and lower levels of phenol and carbon disulfide (CS 2 ). The biological treatment system discharges treated effluent to large stormwater surface impoundments for subsequent treatment through the wastewater treatment plant (WWTP) with other site wastewater sources. Thus, the current objectives of biological treatment include oxidation of reduced sulfur compounds to control ambient odor and CS 2 emissions and removal of a portion of the readily biodegradable organic material to ensure that the final WWTP effluent BOD limit is achieved (in particular during dry conditions).
The motivation for conducting this work is that:
• Leachate that accumulates in the open surface impoundments as a result of precipitation and runoff input, "Surface Leachate," must be removed and treated continuously to maintain low water levels and prevent overflow of leachate from the impoundments.
• The performance of the onsite leachate treatment system must be improved in the future, specifically in terms of BOD/COD removal. Decreasing quantities of other wastewater sources for blending leachate effluent will be available in the future, and volatilization of hydrogen sulfide and carbon disulfide during treatment can be malodorous and potentially harmful to humans through inhalation. Carbonaceous COD in the leachate must be removed in order to meet biochemical oxygen demand (BOD) discharge limits.
• More concentrated viscose leachate may need to be treated for direct discharge, and emissions of reduced sulfur compounds must be controlled. With more concentrated leachate, reduced sulfur compounds may inhibit the growth of reduced sulfur oxidizing organisms and heterotrophic organisms that degrade COD, which would make biological treatment of the leachate more difficult.
Overview of the Existing Biological System
The existing biological process used at the Avtex Superfund Site is operated as a simple complete-mix flow-through aeration basin with a flow regime that is similar to a traditional bacterial chemostat. This system does not use a secondary clarifier so it should not be construed as an activated sludge process in the true sense. Preceding the aeration basin is an equalization basin in which the surface leachate is pumped from the viscose basins. This equalization basin has a volume of approximately 700,000 gallons. The biological process consists of a circular concrete tank with a depth of 10 feet and a volume of approximately 100,000 gallons. Aeration is achieved through a single grid of fine bubble diffusers and a 300 scfm blower. The flow rate to the aeration basin is dependent on the COD concentration of leachate and the hydraulic residence time of the aeration basin ranges from 30-170 hours. The influent is pumped from the equalization basin to a point near the bottom center of the aeration basin. The effluent is removed by a peripheral V-notch weir and pumped to one stormwater retention basin where it is mixed with other impacted stormwater and further treated by granular media filtration, bag microfiltration, and granular activated carbon adsorption. A nutrient (N and P) solution is added to supplement the leachate for effective biological growth. Although biomass production is low (the MLSS concentration is typically 200-400 mg/L), the mixed liquor suspended solids in the process effluent are not removed and currently accumulate in the stormwater basins. This process is capable of reducing the influent COD and BOD by approximately 50-80%, although removal is somewhat variable and inconsistent. Prior to this study there have been no quantitative studies to assess the removal of carbon disulfide and hydrogen sulfide. However, based on qualitative odor observations, it is apparent that most of the reduced sulfur (presumed to be primarily hydrogen sulfide and lower levels of carbon disulfide) is biologically oxidized to sulfate and very little is volatilized due to fine bubble aeration. Off-gas samples were taken in this study to perform a mass balance to quantify what percentage of the influent sulfide is oxidized in the aeration basin or emitted to the atmosphere due to fine bubble aeration. It is suspected that most of the observed COD removal is due to the oxidation of reduced sulfur compounds, and that very little of the potentially biodegradable carbonaceous COD in the influent leachate is oxidized (never actually quantified).
Since only influent and effluent COD (and occasional BODs) and aeration basin DO/MLSS/MLVSS are routinely monitored, the following observations of system inhibition are based on several years of operating experience with no quantitative characterization of these events beyond normal monitoring. High influent concentrations of reduced sulfur compounds and low DO seemed to make the system quite susceptible to inhibition. The low DO and increases in the loading rate of reduced sulfur compounds (due to periods of more concentrated influent leachate) is suspected to result in elevated concentrations of either sulfide (HS -) or CS 2 (or both) in the reactor. When this occurs, it has also been observed that the mixed liquor in the reactor transitions, within as little as 24 hours, from a dark brown color to a very light brown and this is well-correlated with a dramatic reduction in COD removal and increased odor production from the aeration basin. Based on published literature, the light brown color occurs due to partial oxidation of reduced sulfur compounds and the accumulation of elemental sulfur granules within the bacterial cells. Generally, the reactor recovers from these events by significantly reducing the influent flow until the color of the mixed liquor reverts back to dark brown and COD removal recovers within a few days. Even slightly overloading or exposing the system to moderately high concentrations of reduced sulfur compounds can very rapidly and unexpectedly cause the system to experience one of these upset events. It must be emphasized that much of the interpretation above is only speculation at this time.
Hypothesis and Experimental Objectives
It was hypothesized that a two stage biological process would more efficiently and stably treat both sulfide and COD in the wastewater than the current onsite system. Sulfide oxidation would be achieved in the first stage using a MBBR and COD removal in the second. This hypothesis was based on work conducted by Buisman et al. (1990c) showing that the rate of biological sulfide oxidation to sulfate was proportional to the amount of fixed film media added to a reactor (Buisman et al., 1990c) . Martinez et al. (2003) showed that high COD removal efficiencies could be achieved using an SBR and a reactor with a submerged membrane to draw off the effluent allows for higher solid retention to support increases in organic loading (Martinez et al., 2003) . High sulfide loading may preclude simultaneous COD removal in the MBBR due to inhibition to heterotrophs that typically degrade COD making it necessary for a two-stage system to completely oxidize the sulfide and COD in the system. Since almost all of the sulfide will be oxidized in the MBBR resulting in decreased inhibition of heterotrophic bacteria in the SBR and MBR, there is the likelihood that proliferation of filamentous bacteria, Thiothrix spp. and Beggiatoa spp., could result and cause typical bulking and foaming problems. These are operational problems which have occurred in the full-scale system due to varying loading rates and may cause problems in this two-stage biological process for sulfide oxidation and COD removal.
The objectives of this project were to:
1. Evaluate process improvements for the existing biological treatment system to treat surface leachate more efficiently and more stably. 2. Determine the limits of biological processes for the treatment of more concentrated leachate. 3. Determine an appropriate biological process configuration and evaluate design parameters for future treatment of more concentrated viscose leachate.
METHODOLOGY Reactor Systems
The SBR and MBR were operated in parallel using the effluent from the MBBR as feed. The MBBR was operated to oxidize the sulfide in the leachate before subsequent COD removal in the SBR and MBR. Initial seeding of the MBBR was performed using effluent from the full-scale biological treatment system at the Avtex site. The SBR and MBR were seeded from mixed liquor obtained from the Lexington WWTP. Kaldnes attached growth media was used for this investigation in the MBBR at a 50% fill by volume. This was increased from 30% in a previous investigation based on the process stabilization observed in previous work. This media is composed of high density polyethylene with a density similar to that of water. These elements are designed to provide a large, protected surface area for the biofilm growth when the elements are suspended in water (AnoxKaldnes, 2006) . A representative piece of media can be seen in Figure 1 , which has been magnified from an actual diameter of about 1 cm.
Figure 1. Kaldnes MBBR Media (AnoxKaldnes, 1996)
The MBBR was constructed from a 12.3 L Plexiglas reactor with approximately rectangular dimensions and initially operated on a 24 hour HRT but was later changed to 12 hours. Kaldnes media was added to the MBBR at a fill of 50% by volume. Influent was added continuously with a variable speed peristaltic pump with a flow rate dependent on the HRT. Effluent from the MBBR was collected in carboys from a gravity overflow from a port near the top of the reactor for storage before being used as feed for the SBR and MBR. Two carboys were used to store the MBBR feed with a circulation pump to keep one from overflowing. Care was taken to ensure additional aeration did not occur due to turbulent conditions caused by filling the carboys to prevent any additional biological treatment. The MBBR was constructed with a gas-tight cover so that all gas emissions could be collected for sampling and analysis. Aeration was provided for all three reactors using an air compressor and fine bubble aeration stones and flow controlling rotameters were provided to control the air flow rate to each of the three reactors independently. The air was cleaned and humidified using a water filled bottle prior to input into the reactor. The MBBR was supplemented with pure oxygen based on results and experience from previous work with the leachate being treated. Due to high loading rates in the previous work, it was not possible to maintain sufficiently high reactor DO. It was observed that low reactor DO seemed to be severely impacting performance, even in the range of roughly 1-4 mg/L. This is believed to be caused by poor oxygen transfer in such a shallow lab reactor. Pure oxygen supplementation will not be necessary in a full-scale system.
The SBR was constructed from a 6 L glass container and seeded from mixed liquor from the Lexington WWTP. The SBR was initially operated with four 6 hour cycles but was later changed in late June 2005 due to problems associated with sludge settling and poor COD removal efficiencies. A glass J-tube was used to set the decant volume to ensure the correct volume was removed during each cycle. Electronic timers controlled all operational parameters of the SBR including feed volumes, sludge wasting, and decant volumes. The SBR was originally design with an SRT of 30 days but due to the loss of biomass while wasting and in the decant the waste pump was finally shut off in hopes of retaining more biomass in the reactor. Based on effluent VSS measurements, a SRT was calculated to vary from 2-6 days after the waste pump was shut off.
The MBR was constructed from a 15 L HDPE container with a Zenon Zee-Weed 1 submerged membrane with a surface area of 0.047 m 2 . A float valve controlled the feeding rate and a variable speed peristaltic pumps were used to draw permeate through the membrane. The SRT for the MBR was set at 30 days and used Garrett wasting which wasted an appropriate volume of sludge daily while the reactor was aerating. The reactor was operated at a 24 hour HRT and the flow through the membrane was set based on this HRT. The MBR was also seeded with mixed liquor from the Lexington WWTP. The membrane required an initial chemical clean by soaking in a 200 ppm NaOCl solution in the reactor and run for 24 hours prior to seeding. A break tank was used to temporarily store the effluent to use for back pulsing the membrane when pressure on the membrane increased due to fouling from solids accumulation on the membrane surface. The MBR had an additional air diffuser located on the membrane to help prevent fouling on the membrane surface and the membrane also required occasional chemical cleaning to reduce the accumulation of material on the membrane.
The same liquid fertilizer solution used at the full-scale facility (25-5-0) was added twice daily in the influent line of the MBBR and directly into the SBR and MBR reactors. The fertilizer addition rate was estimated based on the full-scale addition rate and was adjusted based on the COD loading rate. A schematic of the reactor systems is shown below in Figure 2 . • Influent COD: Samples were collected directly from the feed drum.
• Effluent COD: Samples were collected from the effluent decant line of the MBBR and SBR, and from the permeate break tank from the MBR.
• Total COD: closed reflux method using 0-1500 mg/L range Hach tubes and spectrophotometric analysis in accordance with Standard Methods. Potassium hydrogen phthalate standards at 1000 mg/L COD were analyzed with each set of CODs to confirm results.
• Soluble COD: Samples were pre-filtered immediately after collection through 0.45 µm polyethersulfone membrane syringe filters.
• Dissolved Oxygen (DO): DO was analyzed using a standard meter and probe.
DO was measured directly in the reactors by inserting the DO probe into the top of the reactor.
• pH: Samples were collected in the same manner as COD samples and analyzed using a standard pH meter and probe (with automatic temperature compensation).
• Alkalinity: Samples were collected as stated above and analyzed per Standard Methods using 0.50N H 2 SO 4 and 100 mL samples to pH 8.3 and 4.5 endpoints and a standard pH meter and probe (with automatic temperature compensation).
• Total Sulfide (S 2-): Sulfide samples were taken directly from the influent feed drum or by unscrewing the top of the MBBR reactor and dipping the sample so as to not allow sulfide to escape due to long collection times. Per Standard Methods, the samples were preserved with zinc acetate (sufficient to precipitate all expected sulfide) and sodium hydroxide (to pH >9) prior to analysis. Total sulfide was analyzed using the quantitative methylene blue method described by Standard Methods and freshly made standards from crystalline sodium sulfide with an analytical balance.
• Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS): Samples were collected as stated above. Samples were analyzed per Standard Methods using 1.0-1.5 µm nominal pore size glass fiber filters. However, TSS and VSS measurements were quite variable and are expected to be a poor estimate of the biomass concentration in the MBBR system. • Mixed Liquor Suspended Solids (MLSS) and Mixed Liquor Volatile Solids (MLVSS): Samples were collected directly from the reactors while aerating and analyzed per Standard Methods.
• Microscope Observation: Samples from all three reactors were observed under a microscope. • Reactor Gas Discharge H 2 S: Gas was fed into a Zellweger Analytics continuous Single Point Monitor optical tape detection system. • Gas Phase Reduced Sulfur Compound Analysis: MBBR gas emissions sampling in 1.0L Tedlar bags was performed from the gas discharge port, and the samples were shipped a contract laboratory for total reduced sulfur compound analysis using a modification of ASTM method D5504 and GC with sulfur chemiluminescence detection. This method detects 20 common reduced sulfur compounds, including H 2 S, CS 2 , carbonyl sulfide, dimethylsulfide, methyl mercaptan, and dimethyldisulfide in gas samples at a detection limit of 4 ppbv.
• Liquid Phase CS 2 : Samples were taken directly from the influent feed drum or by unscrewing the top of the MBBR and dipping the samples so as to not allow CS 2 to escape due to long collection times. Triplicate samples in 40 mL VOA vials were shipped to a contract laboratory for analysis by a special method developed specifically for this site. This method allows for the analysis of total CS 2 in a liquid phase sample, including both free CS 2 and CS 2 associated with cellulose xanthate. The method involves pre-acidification of the sample to less than pH 5, a one hour reaction period, standard purge and trap concentration, and then analysis by GC-MS following the standard EPA 8260B method.
RESULTS AND DISCUSSION
Sulfide and COD Loading Rate Figure 3 shows a comparison of COD and sulfide loading rates to the MBBR. These loading rates changed during the study due to the use of actual leachate from the site and changes in operational HRT. Leachate sulfide and COD concentrations were fairly stable with only slight increases from April to July 2005. The increased concentrations are due to the decrease in the surface leachate level in the viscose basins in dry weather.
Figure 3 also shows dissolved oxygen levels versus loading rates. Generally, the DO concentration in the reactors remained fairly constant and well above the level that is necessary for effective biological growth (typically greater than 4 mg/L). Lower levels due to increased sulfide and COD loading rates were previously experienced in the MBBR. As a result, sufficient DO was maintained by supplementing with of pure oxygen. At lower DO levels (less than 2-4 mg/L), physical changes in the MBBR were observed, mainly discoloration in the biological process. Under low DO conditions, it was found that the biomass transitioned very quickly from a dark brown to a very light brown, almost white color. This white color was a result of sulfide oxidation to elemental sulfur as opposed to complete oxidation to sulfate.
Along with reactor discoloration, COD and sulfide removal decreased and CS 2 emissions increased. It is very common to have O 2 transfer limitations in such shallow lab-scale reactors operating at high loading rates, and this does not suggest that a pure-oxygen activated sludge system should be considered for full-scale retrofit. While other aerobic biological wastewater treatment processes operated properly at DO in the range of ~1 mg/L for carbonaceous COD removal and ~2 mg/L for nitrification, the MBBR was found previously to be oxygen limited even in the range of 2-3 mg/L, possibly even below 4 mg/L. These periods of poor operation can be seen by comparing the times of low DO with removal efficiencies as seen in Figures 8 and 9 .
Although there is some indication of this phenomenon in the technical literature, the observed response had a much more significant effect on reactor operation than expected. Temperature may also have brought on these upset events. When an upset event occurred it was noticed that it had been significantly cooler the night before compared to the day. The full scale system also experiences the same upset characteristics when the temperature significantly decreases in a short period of time. The conditions that seemed to lead to elemental sulfur accumulation (rapid change from dark brown to light tan color) in the reactors, include DO limitations, short-term overloading, and transitioning to a new steady-state condition without acclimation. The accumulation of elemental sulfur was associated with increased emissions of H 2 S, increased effluent sulfide concentration, and possibly increased CS 2 (data not yet available). As expected, the MBBR seemed to be subject to this upset mechanism under low DO conditions. When this upset event occurred, as seen by the sharp decrease in the MBBR DO in Figure 3 , there was very little COD removal occurring in the MBBR. This resulted in an increase in the COD to the SBR and MBR which also caused a decrease in the DO in the reactors.
As expected, microscopic analysis of the MBBR and MBR revealed high concentrations of discrete and highly active bacteria with relatively few small agglomerations (Figures 4 and 6) . The SBR demonstrated somewhat better biomass flocculation, but clearly high levels of small discrete particles, consistent with the elevated effluent TSS levels. Influent alkalinities were very high throughout the experiment. This is likely due to the high level of hydroxide alkalinity in the original concentrated viscose waste material and the uptake of CO 2 from the atmosphere into the surface leachate (transformation of hydroxide alkalinity to bicarbonate alkalinity). As a result, sufficient alkalinity is available to accomplish complete reduced sulfur oxidation without supplemental alkalinity addition. As a result of CO 2 stripping with aeration in the reactors (and similar to full-scale leachate treatment system observations, the pH consistently increased from the influent level of about 7.5-8 to approximately 9 in the MBBR effluent and increased even further to about 9.5 in the MBR and SBR effluent. The high pH conditions do not seem to impact biological sulfide oxidation, and in fact are probably advantageous in terms of minimizing H 2 S emissions. The high pH in the SBR may have created problems in terms of flocculation and COD removal. The reactor experienced loss of biomass due to the poor sludge settling which may have been attributed to the high pH conditions. Attempts to control the pH with concentrated sulfuric acid proved to be ineffective in the SBR, only lowering the pH from 9.6 to about 9.2. The sulfuric acid was added in the MBBR effluent and the amount added was based on titrations performed on the effluent. But due to the high influent alkalinity and CO 2 striping from the reactor, the sulfuric acid addition had very little effect on SBR and MBR pH. Figure 7 shows removal of COD for each of the systems. COD removal efficiency in the MBBR is well-correlated with sulfide removal as shown in Figure 8 and explained below. The COD removal for the SBR and MBR was fairly constant during the duration of this work. However, towards the end of this study, the MBR did not remove any of the effluent COD from the MBBR. This is probably due to a tear in the membrane surface that may have allowed particulate matter (debris and biomass) to flow through the membrane and showed up as COD in the effluent. The small peaks in the effluent COD also correspond to decreases in the DO in the reactors as seen in Figure 4 above. These decreases in reactor DO and increases in the COD remaining in the effluent are attributed to the higher COD loading rate into the system. Figure 8 shows that the MBBR almost completely oxidized the influent sulfide. The plateau in the graph with increased sulfide in the MBBR effluent corresponds to periods when the reactor went from a dark brown to a white color with the formation of elemental sulfur. This also corresponds to higher sulfide loading into the system, but the effluent concentrations were still fairly low, with the maximum concentration reaching about 2.5 mg/L in the effluent. The reduced sulfur emission rates were also increased during these periods of upset, which is expected since less sulfide oxidation is occurring in the reactor with more being discharged in the gas phase. These upset conditions were most likely not brought on by DO limitations. DO concentrations were maintained well above 5 mg/L during the course of this study. The upset events were probably brought on by increased sulfide loading and cooler temperatures in the lab during the night, which may trigger the upset in the reactor. Figure 9 shows the mass balance results for the MBBR. Sulfide oxidation accounted for greater than 99% of the influent sulfide loading. Effluent sulfide was on average less than 0.3% of the influent, and the gas emissions accounted for about 0.1% on average of the influent sulfide loading.
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